Journal of Molecular Modelling, 17 (12): [3151][3152][3153][3154][3155][3156][3157][3158][3159][3160][3161][3162] Publisher Springer Link to online version http://dx.This paper investigates the thermodynamics of gas-phase CO 2 cascade uptake-reactions in the form of carbonate or methoxycarbonate anions in the host cavity of various dinuclear octaazacryptates of m-CH 2 C 6 H 4 CH 2 and 2,5-furano-spaced hosts, L 1 and L 2 cryptands, using density functional theory (DFT). The cascade process involves two stages, namely the formation of dinuclear cryptate complexes and the subsequent formation of either μ-carbonato cryptate complexes or μ-monomethylcarbonato cryptates. The geometric and electronic structures are also investigated to determine the parameters which affect the stability of the complexes. Natural bond orbital (NBO) analysis has been used to investigate the interactions between the trapped anion and its host. The ion selectivity has been studied in terms of the formation of dinuclear crypate complexes, while the basicity and nucleophilicity of cryptands towards Lewis acids have also been studied, and good agreement was found vis-à-vis available experimental data.
Introduction
Atmospheric CO 2 uptake and conversion into energy-rich organic compounds is catalysed naturally by the enzyme Rubisco (Ribulose-1,5-biphosphate-carboxylase/oxygenase), which is distributed widely in green plants and algae [1] . As a result of potentially alarming reports which link global warming to the steadily increasing concentration of anthropogenic CO 2 in the atmosphere, there is currently much effort underway to 'mimic' CO 2 fixation artificially [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Despite CO 2 being considered one of the most inexpensive and plentiful sources of carbon, it is also one of the most inaccessible, due in large part to its chemical inertness. Thus, if rendered possible, the chemical activation of CO 2 could help serve to reduce its level in the atmosphere, while at the same time allowing CO 2 to be exploited as a carbon feedstock for the production of useful organic compounds [2] .
Many studies refer to the importance of host cavities in transition metal complexes as catalysts in taking up and activating CO 2 from air [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . One such strategy of cryptand complexation was developed by Lehn and co-workers over 30 years ago [17] , the central idea of which lies in the replacement of the first solvation shell of a cation by a surrogate shell of a three-dimensional caged ligand-like "cryptand" to enhance both the thermodynamic and kinetic stability of the product (the so-called "cryptate effect") [17] . This effect underlies the varied applications of cryptands; they can be utilized for detoxification, environmental remediation, hydrometallurgy, etc. [18] . However, polyazacryptands constitute good candidates for incorporation into ionselective membrane responsive to transition or heavy-metal cations, while polyether cryptands are responsive to alkali metal cations [18] .
The bis-tren cryptands of interest in this work, L 1 and L 2 , are shown in Fig. 1 . These cryptands are octamine cages consisting of two tripodal tetramine sub-units, linked covalently by given spacers (-CH 2 -CH 2 -). These ligands are able to bind firstly with two metal ions, then an anion such as carbonate anion, according to a cascade mechanism [5, 9, 19] . In homodimetallic complexes, each metal centre (M 2+ ) occupies a tren cavity (i.e., a coordination number of 4). Accordingly, it behaves as a receptor for anions [19] , which serves to fill the otherwise empty cavities and adopt their donor atoms for coordination with both metal centres, forming trigonal bipyramidal or octahedral geometry [9] . Recently, dinuclear azacryptates of m-CH 2 C 6 H 4 CH 2 [5, 9] and 2,5-furano-spaced hosts [5 ] , namely L 1 and L 2 (cf. Fig. 1) , have shown somewhat different tendencies to catalyse CO 2 -uptake reactions within the sterically-protected host cavities which form homodinuclear µ-carbonato cryptates. Although the host molecules L 1 and L 2 exhibit a similar structure, carbonato-complexes of L 1 display further reactivity with primary alcoholforming carbonate monoesters [5, 9] , while those of L 2 do not. The failure of L 2 to do so may lie in the insufficient spacing between the pair of transition metals to accommodate the monomethyl ester [9] .
The cascade reaction of CO 2 uptake takes place in two stages:
(i) Formation of a dinuclear cryptate by encapsulation of two transition metal cations in the host cavity of the cryptand (L). The metal cations of concern here are of the late first-row transition elements (from Co 2+ to Zn 2+ ):
(ii) Encapsulation of an anion in the host cavity of the dinuclear cryptate. Here, the carbonate anion may originate from a pre-formed carbonate or from the atmosphere. In the latter case, CO 2 reacts with the aqueous solution surrounding the dinuclear cryptate and forms CO 3 2- .
Then the dinuclear cryptate uptakes the CO 3 2anion, forming homodinuclear µ-carbonato cryptates:
It is found that the replacement of the aqueous medium by methanol leads to the direct formation of monomethyl ester only in the case of the 1 cryptand according to reaction (3) below [5, 9] :
Or, it can be simplified to the overall reaction:
This means that replacement of one H atom of water by a methyl group (as in methanol) has a positive impact, because one C atom from CO 2 is added to another C atom from methanol. This behaviour has been reported for other complexes in the literature [14] . This indicates the possibility of the utility of cryptate complexes for the production of chemical feedstock.
The ultimate goal of this work is to provide a quantum-based understanding of the complexation reactions (discussed above) and to also investigate the effects, if any, that the metal ion may have. This is achieved by the calculation of Gibbs free energies and enthalpies of the gas-phase reactions described by schemes 1-3. An interesting question to consider is the relative selectivity of the cryptand towards the transition metal ion. These results have a direct impact on the cavity size and reactivity of the formed cryptate towards reaction with anionic substrates.
This may be understood by considering the following:
It is expected that because both cryptands have very similar structure, their stability would be very close. Therefore we have studied their global and local nucleophilicity and basicity to show the affinity of both cryptands towards reaction with a Lewis acid.
Methodology
Single-crystal structures of cryptands and their complexes were obtained from the Cambridge Table S1 ). This result agrees with the magnetic measurement of these complexes [9] . Therefore, we used this state to represent the studied complexes in this paper. However, the dinuclear zinc complexes have closed 3d-shell, thus closed-shell singlet states are used to model these at the RB3LYP/6-311+G(d,p) level. Frequency calculations were carried out to verify that structures were indeed optimised to their energy minima (i.e., without any imaginary frequency components). In addition, natural bond orbital (NBO) analysis was undertaken using the NBO 3.1 program [29] , as implemented in Gaussian 09.
Because cryptands act as nucleophilic ligands in the reaction of a Lewis acid (i.e., either hydrogen protons or transition metal cations), global and local nucleophilicities were estimated according to the following procedure. The global nucleophilicity (N) is the reciprocal electrophilicity (ω), which is calculated using the following equation [30] :
where μ is the electronic chemical potential and η is the chemical hardness. These two parameters were calculated using the vertical ionisation potential and electron affinity; for further details, see ref. [31] . To evaluate the nucleophilic power of the reactive sites within the molecule, a local nucleophilicity index was evaluated using the following equation [30] :
where − is the Fukui function for electrophilic attack (e.g., Lewis acid) on the nucleophilic sites (e.g., the nitrogen atoms in the cryptand):
are the atomic population of atoms within the molecular species of N and N-1 electrons, respectively. This is discussed in further detail in ref. [31] .
Results and discussion

Cryptands
Here, we consider the cryptands L 1 and L 2 prior to reaction with the metal ions. The optimized structures of L 1 and L 2 are shown in Fig. 1 , together with their molecular structure. Geometryoptimised structural parameters are in good agreement with structural parameters determined by X-ray crystallography (cf. Supplementary Information, Table S2 ). The RMSD between the theoretical and experimental structures for L 1 and L 2 are small at 0.837 and 0.166 Å, respectively, with most structural deviation arising from the position of the hydrogen atoms. Table 1 considers the natural population analysis (NPA) and local nucleophilicity of the nitrogen atoms in the cryptands. It is apparent that the charges on the bridgehead nitrogen atoms N1 and N5 are less than those of the other nitrogen atoms. For example, the NPA charge on the tertiary bridgehead nitrogen atoms of L 1 is less than the other nitrogen atoms by 12%. This agrees qualitatively with the previous experimental study that investigated the basicity of L 1 and 7 L 2 [21] . It is found that although the ligands have eight potential protonation sites, only six stepwise protonation constants could be determined which refer to six secondary amines, while the bridgehead amines remained undetectable [21] . The symmetric charge distribution on nitrogen atoms in each tren of L 1 is readily apparent, indicating parallel symmetry in the structure and reactivity. Replacement of phenyl rings by furanyl ones disrupts this symmetry.
Results in Table 1 also suggest that NPA charges and local nucleophilicities on oxygen atoms of L 2 are much less than nitrogen atoms. This reflects the weak propensity of the oxygen atoms in furan rings to react with metal cations, in comparison to nitrogen atoms. This agrees with experimental observations which demonstrate that oxygen atoms do not share in the bonding with the metallic centres [21] . However, the local nucleophilicity of N1 and N5 in the cryptand, especially L 2 , is higher than the other atoms, and hence the bonds between these atoms and metal ion would be formed more readily.
Besides the local parameters, the global nucleophilicity and proton affinity of the cryptands are also calculated (cf. Table 2 ). The proton affinity of a molecule is a measure of its gas-phase basicity, i.e., the energy released in the following reaction:
The proton affinity of the ligand (L) is the negative value of the enthalpy change in the above reaction. Although nucleophilicity and basicity are very similar properties, it is generally accepted that nucleophilicity is a kinetic concept (i.e., characteristic of a rate constant) while basicity is a thermodynamic one [32] . Although basicity is related to the position of an equilibrium reaction with a proton, a good nucleophile is one that forms a new bond rapidly between a base and a proton (H + ) [32] . Table 2 shows the calculated global nucleophilicity and proton affinity together with the overall experimental basicity of L 1 and L 2 . It is clear that L 1 is a better nucleophile and also a better base than L 2 . This may be attributed to the lower basicity of the furanyl rings incorporating L 2 compared to the phenyl ones in L 1 . The ratio between the calculated proton affinities of L 1 and L 2 is 1.02, which is the same the ratio between the overall experimental basicities of L 1 and L 2 , aiding confidence as to the reliability of our results.
Dinuclear cryptates [M 2 L] 4+
8 Despite there being no published crystallographic structures for the dinuclear cryptates, experimental studies confirm their existence [21, 33, 32] . Therefore, quantum techniques should be able to provide useful insights into the structure of these compounds. The lengths of metalnitrogen bonds are around 2 Å (cf . Table S3 ). Meanwhile, Fig. 2 shows the optimized structure of [Cu 2 L 1 ] 4+ as a representative example. As shown, each cation bonds in an enhedral manner into each tren cavity, forming a distorted tetrahedron in which the bridgehead tertiary nitrogen is perpendicular to a triangle of three secondary amino donors. All dinuclear cryptates of interest exhibit the same coordination pattern. However, the distance between the encapsulated metalpair represents the cavity size in which the carbonate or the monomethylcarbonate anion would be trapped. This depends on the nature of the encapsulated metal cation; for instance, the cavity size in L 2 -based dinuclear cryptates increases as the ionic radius of metal increases while the size in L 1 -based dinuclear cryptates exhibits the reverse trend, as shown in Fig. 3 . This shows the effect on the chemical structure of replacement of an m-benzene ring by furanyl one. However, this replacement led to a more compact structure of the host; for instance, the metal-metal distance drops from about 6. [34] . It was also found that L 2 generally forms dinuclear cryptates with all transition metals of interest except in the case of Co 2+ [21] . As a result, there is no complete picture of the binding properties of these cryptands with transition metal cations. In order to elucidate this matter, we have calculated the Gibbs free energy and enthalpy changes for the complexation reactions in the gas phase at standard conditions according to scheme (1) .
There are three approaches for the calculation of thermodynamic parameters of metal-ligand complexation reactions in the gas phase. The first one is to consider the bare metal according to scheme (1) and this is the most popular [26] . The second considers a solvated metal cluster, such as hexa-aqua metal complex [M(H2O) 6 ] 2+ , instead of the bare metal [27] . The third approach combines the first two [28] , wherein the first step is the desolvation of the metal ion according to 9 scheme (11) and the second is the bare metal reaction with the cryptand as in scheme (1) . Then, the free energy of the reaction is the sum of both steps (∆ 1 + ∆ ).
We have calculated the thermodynamic parameters using the three approaches. We found that the first approach works best because it correlates with available experimental data. Therefore, we discuss here only the results of the first approach; the reader is referred to the supplementary information for the other approaches. Table 3 lists the free energy and enthalpy of complexation reactions described in scheme (1) with and without the basis set superposition errors (BSSE).
The BSSE is calculated using the counterpoise method [35] . Because of the previously mentioned applications of cryptands, especially in the extraction of metal ions from an aqueous phase to an apolar organic phase [36] , it is important to evaluate the relative binding selectivity to examine the feasibility of extraction. This is the difference in the free energy change ∆∆́, as given by eqn. 5, using the following equations [28] . The experimental relative binding selectivity can be expressed as:
where and ́ are the overall binding constants. The theoretical relative binding selectivity is calculated as the difference in free energy changes specified in eqn. 5: where the first metal ion is solvated with the first solvated shell of water simulated in the aqueous medium and the second metal cation is encapsulated in the cryptand resembling an organic medium. The negative value of the relative binding selectivity is an indication of the feasibility of extraction of the first metal from the aqueous medium. Therefore, the selectivity of L 1 or L 2 towards the Cu 2+ cation is superior in terms of selectivity vis-à-vis other transition metal cations of interest. This is in agreement with previously reported experiments [21] .
Dinuclear carbonato-bridged cryptates [M 2 LCO 3 ] 2+
It is well-known that the carbonate bridge in dinuclear metal complexes has five different coordination modes depending on the nature of metal and the cavity size [37] , as illustrated in Table 5 . Because of the high degree of flexibility in the geometry of cryptates, it is important that the techniques used here are able to demonstrate agreement. Actually, DFT-generated geometries of dinuclear carbonato-bridged cryptates exhibit the same coordination modes (a, b, and e) as those obtained from experiment (cf. The orbital bonding interactions between metal ions and carbonate anion can be examined by the NBO method [38] . The second-order perturbation energy, E(2), arises between the filled molecular orbital as a donor (i) and the neighbouring empty molecular orbitals as acceptor (j). E(2), termed the stabilisation energy associated with the delocalisation occurring between the donor NBO (i) and the acceptor NBO (j) -2e stabilisation, can be estimated from the following equation:
where q i is the i-th donor orbital occupancy, ε i and ε j are the diagonal elements (orbital energies) and F(i,j) is the off-diagonal NBO Fock matrix element [38] . As a rule, the greater the value of E(2), the stronger the interaction between a donor NBO and an acceptor NBO. Therefore, E(2) is used to assign and evaluate orbital contributions for stabilising the complex structures under investigation. Tables 7 and 8 gives a good correlation with the stability of complex. It is apparent that ∑ E (2) donor → acceptor is larger for [M 2 L 2 CO 3 ] 2+ complexes than [M 2 L 1 CO 3 ] 2+ ones, which confirms the bidentate action of carbonate anions for adding extra stability to the former.
Dinuclear μ-monomethylcarbonato cryptates [M 2 L 1 MeCO 3 ] 3+
It is well known that the reaction of CO 2 with hydroxide to generate bicarbonate or carbonate ions is extremely slow in the absence of a catalyst. However, it was reported that dinuclear transition metal complexes are able to uptake atmospheric CO 2 and then catalyse it to form carbonate or bicarbonate [13, 40, 41] . The dimetallic cryptates of L 1 under ambient atmospheric conditions forms methylcarbonato-bridged cryptates in methanolic solution [9] . The forming of such compounds is considered evidence of the ability of dinuclear cryptates to activate CO 2 and increasing the number of carbon atoms by reaction with methanol. This would be considered highly beneficial for producing chemical feedstock compounds.
In this work, the geometries of all methylcarbonato-bridged cryptates of L 1 were optimized using B3LYP/6-311+G(d,p) method based on the available X-ray coordinates [9] . The calculation showed that the antiferromagentic species have the lowest energies which agree with the experimental finding [9] . The monomethylcarbonate fragment has syn-anti μ-η 1 , η 2 arrangement within the host cavity of the dinuclear cryptates (see Fig. 6 as a representative example). Table 9 ;
this trend is similar to that of the dinuclear cryptates, but with lower stability. In other words, the encapsulation of the monomethylcarbonate anion destabilizes the monomethylcarbonato cryptates by about 208 kcal/mol while the encapsulation of carbonate anion stabilizes it by about 90 kal/mol. On the other hand, the negative enthalpy and free energy of the reactions for dinuclear cryptate with the carbonate or monomethylcarbonate anion reflects their exothermic and spontaneous formation, in accord with experimental observations [9] .
In order to describe the orbital interaction between the monomethylcarbonate fragment and metallic cations in the dinuclear cryptate, NBO analysis was conducted and the results are presented in Table 10 . Here, one can see that the interaction between the lone pairs of oxygen atoms in monomethylcarbonate and the antibonding 3d-orbitals of metal cations contribute 14 significantly to the stabilisation of complexes. However, the overall orbital interaction between monomethylcarbonate fragment and the dinuclear cryptate ∑ (2) → follows the same trend of the overall stability of the complexes. This indicates the significant dependence of stability of complexes on these orbital interactions.
Conclusions
In conclusion, the DFT geometries of studied cryptands and their complexes are in reasonable agreement with the available X-ray crystallographic data. Also, the calculations have reproduced the arrangement mode of carbonate and methoxycarbonate anion in the host cavity of dinuclear cryptate. The global nucleophilicity and proton affinity of L 1 cryptand is larger than L 2 towards the Lewis acid which agrees with experimental findings. In addition, L 1 and L 2 -based dinuclear cryptates have comparable stability with the same metallic centres. However, the sequence of stability is the same for both types, Cu 2+ > Zn 2+ > Ni 2+ > Co 2+ , in accord with experimental data. It was also found that the mode of arrangement of the carbonate anion in the host cavity of the dinuclear cryptate affects the stability of the complex significantly. The results demonstrate that the reaction of the dinuclear cryptate with carbonate anion is more thermodynamically favourable than that with methoxycarbonate anion. Finally, the stability of the carbonato or monomethylcarbonato cryptates depends generally on the cavity size where the anionic fragment would be trapped and the ionic radius of the metal cation as well. First approach (ΔG app1 ):
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